Mangroves form the dominant intertidal ecosystems and differ morphologically and physiologically from their close terrestrial relatives. We investigate the molecular evolutionary pattern of the typical mangrove family, i.e. Rhizophoraceae, and rate heterogeneity for the plastid matK and rbcL genes in different species of the family, as revealed by phylogenetic analyses and relative-rate tests. Our study documents evolutionary rate heterogeneity in the Rhizophoraceae for the two genes: the mangrove genus Bruguiera has relatively slow substitution rates compared to the terrestrial genus Carallia at both synonymous and non-synonymous sites in the matK sequences, and the synonymous and non-synonymous substitution matrices are correlated. However, the rbcL non-synonymous sites exhibit a high degree of rate heterogeneity among mangroves and related terrestrial groups, and uncoupling of rates with the synonymous sites. Selection is probably an important influence on the rate variation, suggesting further investigation for better understanding of various forces contributing to the rate heterogeneity and molecular adaptation in mangroves.
I N T R O D U C T I O N
Phylogenetic analyses have been a standard tool in systematic and evolutionary biology, with goals ranging from reconstructing evolutionary histories of organisms or genes (Li 1997) to measuring biodiversity ( Purvis & Hector 2000) , and have also become a comparative approach to ecological studies, e.g. exploring the phylogenetic structure of ecological communities ( Webb 2000) and detecting adaptation to stress in various environments (Yang & Bielawski 2000; Schulte 2001 ). In particular, molecular phylogenetics has begun to attract more attention of ecologists to some difficult problems regarding adaptive evolution of plants and animals in different ecosystems, such as aquatic and terrestrial ecosystems.
Mangroves form the dominant intertidal ecosystems throughout the tropical regions of the world and enter the subtropics, with a total area of about 182 000 km 2 worldwide (Spalding et al. 1997) . Current knowledge of the evolution of mangroves is still limited in terms of rangewide distributions and is mostly restricted to morphological and physiological analyses, which have indicated a high degree of homogeneity ( Dodd et al. 1998) . For example, mangroves differ from their terrestrial related plants in that the former are characterized by their peculiar adaptive viviparous fruits and their pneumatophores and knee roots, etc. (Geh & Keng 1974) . However, less attention has been paid to molecular evolution of mangroves and their terrestrial related groups (Zhong et al. 2000) .
Recently, molecular phylogenetic analyses of the mangrove family Rhizophoraceae, which comprise 15 genera and approximately 130 species including eumangrove (''true'' mangrove) and terrestrial plants, have been conducted using several kinds of DNA sequences (Huang et al. 1999; Setoguchi et al. 1999; Schwarzbach & Ricklefs 2000; Zhong et al. 2000; Shi et al. 2002) . Here, we present detailed analyses of relative evolutionary rates of two chloroplast genes, matK (maturase K) and rbcL ( large subunit of the enzyme ribulose-1,5-bisphosphate carboxylase), among the mangroves and their close terrestrial relatives in Rhizophoraceae. The results have implications both for evolutionary biology and ecology of mangroves and related groups, especially for better understanding of molecular adaptation in mangroves.
M A T E R I A L S A N D M E T H O D S
The sequences of chloroplast DNA (cpDNA) matK and rbcL genes used in this study are listed in Table 1 . According to the viewpoint of the APG (Angiosperm Phylogeny Group 1998), the family Rhizophoraceae belongs to the order Malpighiales, so that Byrsonima crassifolia (Malpighiaceae) can be selected as an outgroup for our phylogenetic analyses.
Each sequence data set was aligned using the program CLUSTAL-X (Thompson et al. 1997) . The phylogenetic analy- ses of the nucleotide sequences of the rbcL and matK genes were performed using the NucML program in the MOLPHY Package version 2.3 (Adachi & Hasegawa 1996) with the HKY 85 model (Hasegawa et al. 1985) . Bootstrap proportions (BPs) were estimated by the RELL (Resampling of Estimated Log-Likelihoods) method (Kishino et al. 1990; Hasegawa & Kishino 1994 ) with 10 000 bootstrap resamplings. The rates of synonymous and non-synonymous substitutions were estimated by using the method of Li (1993) and Pamilo & Bianchi (1993) . The relative-rate tests of between the lineages at generic level in the phylogenetic trees were performed with the method proposed by Li & Bousquet 1992 ) and using the RRTree program (Robinson et al. 1998; Robinson-Rechavi & Huchon 2000) . The closest sister group of each genus pair to be compared in a phylogenetic tree was selected as the reference group for a relative-rate test. The binary transferred matrices were constructed with the results of the relative-rate tests, and Mantel tests (Sokal & Rohlf 1995; Liedloff 1999) were conducted to detect the associations among these matrices. Significance values of the Mantel tests were based on 100 random iterations.
R E S U L T S A N D D I S C U S S I O N
The phylogenetic trees of the Rhizophoraceae based on the sequences of matK and rbcL genes are shown in Figs 1 and 2 , respectively. The matK tree strongly supports the idea that the mangroves form a monophyletic group with a relatively high BP value (91%). The BP value for the monophyly of mangroves is 81% in the highest likelihood tree among 945 trees, and the BP value for the monophyly based on the total rbcL and matK sequences is 97%. However, the terrestrial plants form different phylogenetic patterns: monophyly in the matK tree ( Fig. 1) but paraphyly in the rbcL tree (Fig. 2) .
The results obtained from the relative-rate tests at synonymous and non-synonymous sites in the sequences of matK and rbcL genes are given in Table 2 and Table 3 , respectively. Our exploratory analyses detect a number of significant rate differences at synonymous and non-synonymous sites in the two plastid sequences. First, two significant contrasts are that the mangrove Bruguiera has relatively slower substitution rates than the terrestrial Carallia at both synonymous and non-synonymous sites in the matK sequences ( Table 2 ). The Mantel tests show that the synonymous and non-synonymous relative-rate matrices are correlated at the matK (P ¼ 0.01). This observation suggests that selective constraint at non-synonymous sites is fairly constant among evolutionary lineages of the matK locus. Second, there are 13 significant contrasts at nonsynonymous sites in the rbcL sequences (Table 3) . Among them, six indicate that the mangrove genera have relatively faster non-synonymous substitution rates than the related terrestrial groups. However, the terrestrial Carallia still shows a relatively faster non-synonymous rate than the mangrove Kandelia. In our previous paper (Zhong et al. 2000) , we noted that there were significant total substitution rate differences between Carallia brachiata and other Carallia species in the matK sequences. Obviously, these Carallia species need to be further studied as important reference taxa relative to mangroves.
Moreover, the rbcL non-synonymous sites also exhibit rate heterogeneity among the terrestrial groups, regardless of their geographical distributions (Table 3 ). The Mantel tests show that the rbcL rates at synonymous and non-synonymous sites are uncorrelated (P ¼ 1.00). This can be also seen to some extent by visual examination of Table 3 , e.g. there are independently increased non-synonymous rates against synonymous rates in the two genera Carallia and Rhizophora.
Our analyses of the two chloroplast genes not only clearly indicate that the rates of synonymous and non-synonymous substitution vary among evolutionary lineages of mangroves Table 1 . K ij /SE is given as (K i -K j )/SE so that a K ij /SE > 0 means the ith column is estimated to have faster substitution rates than the row. Each lower-triangular matrix represents the results at synonymous sites, and each upper-triangular matrix represents the results at non-synonymous sites. 2 Synonymous transversion substitution when K s is saturated. *P < 0.05, **P < 0.01. and their terrestrial related groups, but also increase the understanding of possible forces contributing to the patterns. It is well known that synonymous substitutions primarily reflect the process of neutral evolution but nonsynonymous substitutions reflect either positive selection or purifying selection over evolutionary time (Gaut et al. 1992; Gaut et al. 1997; Li 1997; Yang & Bielawski 2000) . Recently, Gaut et al. (1997) reported the uncoupling of rbcL nonsynonymous and synonymous rates in the grass family, i.e. Poaceae, suggesting that locus-specific selection coefficients can change significantly among lineages. Our study reveals molecular evolutionary patterns of mangroves and their terrestrial relatives in which non-synonymous and synonymous substitution rates are uncoupled, and therefore selection is probably an important influence on the rate variation.
The speciation rate hypothesis has previously also been invoked to explain rate heterogeneity at rbcL (Gaut et al. 1997) . Mayr (1954) postulated that rates of genetic change should influence rates of speciation, and Bousquet et al. (1992) and Barraclough et al. (1996) revealed a correlation between speciation rates and nucleotide substitution rates. Gaut et al. (1997) analysed the rbcL sequences in the grass family and found that the basal grass lineage (subfamily Anomochlooideae) had slower nucleotide substitution rates than other grass subfamilies, that is, their prediction based on the speciation rate hypothesis was consistent with the results of synonymous relative-rate tests. However, our relative-rate tests reveal that no significant contrast at the synonymous sites in the rbcL sequences is detected (Table 3 ), yet there is no basal lineage of mangroves in the rbcL tree (Fig. 2) .
Excluding speciation rate hypothesis, two possible explanations for the rate heterogeneity are about different ecological and biogeographical forces to the mangroves and related terrestrial groups. On the one hand, all mangrove species, regardless of geographical distribution, form a monophyletic group on both the matK and rbcL trees. The rate variations do not occur within the mangrove group but between the mangrove and related terrestrial groups, indicating that the marine environment might be a major selection force to mangroves. On the other hand, the related terrestrial groups show different phylogenetic patterns. In particular, there are also relatively complex patterns of rate variation at rbcL among the groups, e.g. significant differences between Carallia (CR) distributed in Asia and Crossostylis (CO) distributed in the South Pacific Islands, and between Dactylopetalum (DA) and Macarisia (MA), both distributed in Africa. These cases may reflect the effects of selection imposed by different climates and habitats, adding a biogeographical dimension to the problem.
In general, the environmental mechanisms responsible for molecular evolutionary patterns of mangroves and related groups require examination. Positive selection, such as we describe here, is believed to reflect powerful selective forces acting on protein-coding sequences, and may stem from such factors as changed ecological conditions (Ford 2001) or an arms race scenario (Dawkins & Krebs 1979) . We have uncovered the traces of such a scenario here, and note that both ecological and molecular studies will be needed to elucidate the causes of the phenomenon in mangroves.
A C K N O W L E D G E M E N T S
We would like to thank Dr Ying Cao and Ms Li Wang for technical assistance. Financial support was provided by the National Natural Science Foundation of China (39825104, 30170071) and the Chinese Ministry of Education Grant for Ph. D. programmes.
